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By W. A. Maxwell 
1 

An investigation of the stress-rupture azla creep pro-perti6s of hot- 
pressed molybdenum d i ~ i l i c i d e  has produoed the foUawIng resul%s: 

1. The stress-rupture piroperties can be mmmrieed as follows: 

1600 0.000024 107 35,000 
1800 

.0018 85 10,000 2000 

.00073 U O  12,000 1900 

.000028 224 20,000 

2. The use of molybdenum d i s i l i c ide  above 18000 F may be l imited by 
the oreep rate rather than by the S ~ ~ ~ H E - ~ I Q - ~ W  life. 

3. The long-time strength of molybdenum d i s i l i c ide  at high temper- 
atures is superior to that of the hi&-tarperature al loys and titanium 
oarbide ceramals. 

4. A cmpxat ively convenient and sat isfactory method far creep and 
stress-rupture  tes%ing  to 20000 F has been developed. 

Previous reports  (references I t o  4 )  have ini icated the high ehort- 
time strength and outstanding  qxidation  resistance of molybdenum d i s i l i -  
Cide @OSiz) at 20000 F and above. The long-tm strength of Mosiz in 
the range 16000 t o  20000 F w a s  surveyed t o  furnish stress-rupture and 
creep data for evaluating its w e  at these high temperatures. 

0- The form of material seleoted was that which previous work 
(refereme 3) h+Mfcated t o  have supericr long-time properties. 

- 
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A s  reference 3 also kiad shown that the long-time properties could be 
varied considerably by changes in fabrication msthod, impurity  content, 
e*., it w a B  decided t o  investigate the-best;  available form of the  
materiebl In the lmawledge that it did not mceasarllg represent  the -_ 
ultimate deve;loprrt; of molybdenum dis i l ioide.  A l l  specimens were p e -  
pared at the WCA Lewis laboratory. x"- -4 

.I 

An auxiliary  objective of the irmestlgatian was the d e v e l o p n t  of 
techniques  for  stress-rupture ani creep  evaluation t o  2Q000 F. In view 
of the importance of ion@;-time d&a for the evaluation of new materiale, 
it appeared highly desirable t o  develop a convenient method of t ee t i rg  
b r i t t l e  materials t o  at least 20000 F by mthods   mff ic ien t ly  EI- 
t o   t h e  conventional long-time e-valuatiom of a l loys   to  permit correlation 

. of the results. Self'-alinin@; metall ic  grips and other improvements were 
therefore developed far long-time  evaluationer. 

" " 

. " 

Design of apparatus. - Long-time t e s t a  of Mi2 a t  temperatures 
up t o  20000 F present-s several prob ias ,  the most -&ant of which 

" 

is that .of dining the spegimen BO as t o  prevent failure in bending. In 5 

addition, it appeax6,  desirable. t o  d e e l p p  a .qet-lXxLwhioh w ~ u l d  requlra . ."*. . .--- 
a W, easily prepared speoimsn and easi ly fabricated holders', or griper, 
for the specimsn. 

" c . . -. 

Two metihods appeared feaeible for a t t a m  alimment. The first 
ca l led   for  careful prealimment of the spacl~nen in  preciaely machlned 
and oarefu l ly  adjusted  grips. Any misalinement could be accurately 
measured. .at room temperature by the .we of stirah gages, ami. operations 
oould be carried out carefully in a mnner which would tend t o  maintain 
the  alinamenkdurlng heating am3 loading. Exper.Fznsnts with the pre- .. 

allnement metM with strain gages shared the method t o  be troubleflome 
and laborious; a furt;her disad&age w a s  that alinsment would not 
necesearily be maintaFned d u r i n g  actual teat-. 

.~ , "  
" 

I . -  

" 

The seoond method consiats in US- grips capable of deformFng 
phsf; ical ly  to an extent su f f i c i en t   t o  permit the spep-lmen t o  slim 
itself' uzlder load. The plafltic seating of the specFmen could be 
accamplished by the use of either (1) a compam3tiwd-y long specimsn held . .,. . . 

by grips outside the -furnace and seated Fn a material plas t ic  a t  roan 
temperature or  comiderably below the tes t  temperature, which would leave 
only the gage length of the speclmen a t  temperature, or ( 2 )  a ehorter 
specimen acmrpletely in the furnace and held i n  gr ips  of a eterlal haying 
sufficient glasbicity a t  or near the test tamperatme t o  assure alinament. 

. .  

. .  

. .  

- 
The method ap loy lng  a long Bpecimsn held outelde the hot zone 1 

(references 5 and 6)  appeEtred t o  offer conaJderable..prmlee for temper- " - 
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c atures above 20000 B. However, t h i s  method requires a longer and mre 
d i f f i c u l t l y   f o m d  specimen. This is a marked disadvantage for exper- 
imental materials which are available o d y  in laboratory  quantities 

. a d  must be  fabricated by laboratory methods. 

N 

01 
* 
4 

The method developed  here employs a emall ani easiJy  fabricated 
specimen  and closely resemble6 conventional evaluation methods. O n l y  
the holders  present 8 problem.  Ceramic holders oan be  fabricated on ly  
with diff icul ty  and would require  special .defarmable hmerte. m e  . - - 

high-temperature a l loys  s-uoh as kconel X ca.n be machined, but their 
creep rates a t  20000 F are huh. >It ameared poS8ible t o  take advan- 
tage of the   p las t ic i ty  of some of the high-temperature alloys above 
their norm1 temperat-ires, so that the creep af the  alloy could f'urnid 
the p las t ic  defornbation necessary for alinement. It was hoped that by 
proper desi@;n.the .stress a d  ommequent creep rates of alloy  holders 
could be reduced to the extent that a given  set  of holders could  be used 
for several  evaluations umler reasonably high stresses at temperatures 
t o  20000 F. Such a method. was indicated in reference 2 t o  be feasible.  
The holders, U e r t s ,  and apecimen shape were adapted  fromthose developed 
at  the NAf3.A Lewis Laboratory for high-temperature tensile t e s t ing  
(reference 7). 

Apparatus. - The gr ip  arrangement wed is shown in figure 1 and 
consists of a set of int3er-k in contact with the  specimen, holders 
which support the i nse r t s  and are conzlscted t o  the pul l  rods through 
a heavy pin, a d  the air-cooled  pull rods. A i r  cooling w a s  employed 
t o  m-ln.fmlze creep in .the pull rods and deformation of the pine. The 
cooling  effect is probably mall below the p i n  area. A l l  par ts  were 
machined of  .annealed k c o n e l  X. The mangmnt vas set w i t h i n  a con- 
ventional platinum-wound flupace aTd mounted on a-stress-rupture machine 
as shown in figure 2. 

Because the rather erteneive creep of the Inconel is added t o  the 
specimen creep,  the total   e longat ion of the system is exceseive a& would 
result in undesirable effects mch as movement of the speoimen f rom the  
center of the furnace. The specimen might a lso bd subject  to ben3h-g 
forces. The elongatfon is sufficient BO that the loading beam would be 
lowered t o  its rest p o h t ,  and the load would thereby  be remQTed. An 
arrangement was t h e r e f o p  necessary t o  provide an automatic fake-up of the 
elongation and m a i n t a i n  a leve l  beam. A device developed. for this 
purpose by Mr. Paul F. Sikora of the- NACA Leuis  laboratory comi&s of 
a mo'dor-driyen gear-train mechaniam which drives a, guided. screw connected 
to  the lower .pul l  rqll The ~ c W s m  i s  actuated ,by upper- a d  lower- 
limit switches an-the beam. The switches can be airranged t o  compensate 
for elongatione as mall, as 0.0003. inohes. Became the screw is guided 
and the motion slaw (approximately 0.003 -In./min), the specimsn is not 
subject   to  ehock. 
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the  type  described fn reference 8.  . Thee6 are attEtched t o  the rrpeclmen 
w i t h  a  silioate-al- uament .as shown in figure 1. A w i r e ,  not in  
oontaot  with the speclmsn, l e  used t o  hold the e r b m m t e r  in place 
while the canent sets. Neamramnte of creep are made with a telescope, 
as shown In fig=. 2 , tcm aoouraof of 0.001 oentiznster. As the beam 
is JPrxintaFned level and only o m  viewing w M a w  is avaiLable, only one 
eztiensamster I s  wed on eaoh 8pechen. . A t  temperrrtures of 18000 F and 
above, the light of . the  f’urnaoe is gufPicient  for convenient reading of 
the extensometers. A t  1600° F the fine lines on the platinum a r e  dis -  
tinguished with diff icul ty .  It was diecovered that if a quartz rod. 
u8s inserted obliquely through the furnace wall, the 1-t of a flash- 
l ight  bulb at the outside end of thp rod wae M f i c i e n t .  t o  i l lz rmFnate  
the W i d e  of the furnaoe. .. 

Tmqerature was masure& by three thermocouples  placed st the top, 
bottom, and center af the gage length. The ce”r temperature, which . 

was used for control purposes, was automatically  recorded. Temperature 
was contralled by a Celectray corrtraller. 

Preparation of specimens. - Freviouer research  (reference 3) had. 
M i o a t e d  the superior weep properties ae determFnsd by the flexure- 
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The powder par t ic le  Biz0 analysis as obtained  microecopioally waB: 
~~ 

Par t ic le   s ize  
(microns) 

Greater . t h a n  15 
L ~ B E  than 15, greater Khan ll 
LesB than ll, greater than 7 
Less than 7, greater than 3 
Less than 3, greater than 1 
Less than 1 

" 5 !  
ll 
33 I 
51 I 

Bars were prepared by- hot-pressing the powder in graphite dies t o  
form a bar 1 by f by- % inches. The pressure of  2400 POLUXIS per square 

inch was applied on the 2- by v f n c h  face. The d i e s  were heated by 
InductLon to 31aOo F , i n  30 minutes and the presBure and temperature =in- 

. tained for  additional 30-minute period. Bars.so produced had a den- 
si- of 6.10 (approximately 98 percent of the  theoretical   deneity of 

molybdenum, 62.15 percent; si l icon,  34.79 percent; carbon, 0.34 percelrt;; 
oxygen, 0.42 percent; Iron, 0.82 'percent; and nitrogen, 0 03 Percent 

1 
2 

1 1 

.. ,6.24 as given in reference 1) and a representatire chemical ~ s i s  of: 

Tensile bare in ccrmposition t o  those previouely evsluated 
in  flexure-weep  (reference 3) W e r e  used in two ~Ebress-rupture tests. 
!Che par t ic le  . s i z e  analysfe of this powder was: 

Lese than 6 .  
Less than 2 I 100 

98 I 
These bars were fabricated by cold-pressing a t  40,000 pounds per quare 
inch by the hydropress mthod and sintered in vacuum at 2550 S O o  F for 
2 P~OLES, as described in d e t a i l  in referenoe 3. A representative -1- 
yBis of the  finished  bare was: molybdenum, 62.23 percent; Ellimn, 
32.70 percent; carbon, 0.29-percent; oxygen, 1.2 percent; me-ballic imp- 
ities, present only as traces. The average demi ty  of these b w s  WBB 
5.95 gr- per milliliter. 

# 

T e s t  specimens were ground from the bars with diamond abrasives t o  
the &ape &own in figure 3. Approxiznately 90 grams of psrwder was 

specimane w e r e  for f l a w s  by EL dye-penetration. (Dy-chek)  method. 
P required for the bars; . the flnished specimem weighed 30 grams. A l l  

- 
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Metallographic " t i o n .  - Broken 6pecimsner were. cut so as  t o  
give two   amp lee t o  provide cross section8  both parallel t o   t h e  failure 
plane and pmqendicular ko. It. .Samplerj were prepared by conventional 
methods with diamond €~bra8iVe6 and p o l i ~ ~ p o i r d e r s . ~  

BEBuLIIls AED DI8CUSSIOB 

Commsnte on t,hs Method 

The ffpparatue and equipment dieowsed permit the t es t ing  of b r i t t l e  
materials with a; degree of oomenience approaching that of the teding 
of alloys. That the method proyides good alinemerrt of the specimen - 

is irdlicakd by the CoIlPriStenoy of the dsts and the fact that no ~ p e o i -  * 

men was broken  except a s  a test result. All .specimam failed fn the . 

gage length ad, with only- one exception, a t  OT quite c l o ~ e  t o  the &nter. 
The  method employed for the msasuremsnt of Creep ier satisfactory.  The 
life of the holder is evidently  quite long under. the stresses used. A t  
2000° F, appreciably higher streeees may reeult severe damage to, but 
not failure of .the holders, a c tsd i t ian  whickwould permit the campletion 
of any given test. Temperatures above 20000 F . q a  nat recammended for the 
holders deecribed. 

N 
IP 
2 
. .. 

. . "  
" 

Stress-Rupture azld Creep Behavior 

Stress-rupture reeult.6 are-ahawn i n  table I a d  plotted for three 
temperatwe on 9 igure 4. It w i l l  be. se0n frcnn the- graph that the 
plotted points show llmited scatter, a gc+tter .whfch cdmparee quite 
favorably with that found for commsrcial a lhys~produced Fn tonnage. 
quantities, 'It therefore appeared. justifiable, men with the liaited 
number of points p r e B e n t e d ,  to d ~ % w  in .t;he l inea on the graph 88 rep- 
resenting the t r e e  for the. etrees-rupture., b e h a v i o r .  of. the material. 
The l i m e  far 1900° and 2OQO0 F have bet?& drawn.pWaUel to the 18bOo F.. 
line at  fixed dietanoee fmrn it.. . Two resultg..f.or  evaluation at 
1600° F are  l is ted Fn the table. 

. . .. 

.. . - 

The &ta given in table I indicate tkt a t  tempemturee above 1800* F- 
the use of mlybdemm d b i l i o i d e  merg be limited by the creep rate rather 
than by the &ress-rupture  life. For campqiscm puqoses, the times 
requjred for a 3-percent  extension by creep have been Shawn in  table I. 
Creep c m e ~  are given an figure 5 in inchee per fnch for various stresms- 
and temperatures. T h e  elope of these c m e s  rises markedly for tempera- 
tures  above 18CiOO F. .. FirSt;-St.%ge c??0ep,- if:a.qi a p r e n t i l y  ocome durfng 
loading and, is maeked by the loading mathad.. Def-te- third-atage creep 
is found for all specimens: . .  

- " . . .  
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A ccmrparison of hot-pressed molybdenum disil icide  with  other high- 
temperature mter ia le  is given in table II. A t  18000 F the 100-hour 
strength of MoSiz is far superior to that of the comparison materials. 
Creep does not appear t o  be a limitin@; factor  f o r  the   s i l i c ide  at  this 
temperature. Above 18000 F the s i l i c ide  is surpassed in  strength only 
by the alumina-chromium cermet. Although the  long-tim,  huh-tempemture 
strength of molybdenumrdisilicide is outetading,  there is 8011113 evidenoe 
(reference 9) that the  s i l ic ide  requires  f"bher d e v e l o p &  to haprove 
Its thermal shock chm?acteristice  before it can be wed as a turbine- 
blade material. 

The two specimsns of fine-grain, high-oXygen, slntered material, a B  
shown by comparison of t h e i r  reductlone in  mea kd life with those of 
hot-pressed speciznsm under the sams s t ress ,  are seen t o  deform plast ic-  
ally t o  a far greater extent  than-does the larger-grain, lower-oxygen 
materis;l.. This result c o n f i r m  at least qualitatively the previously 
reporbed  flexure-creep  evaluation  (reference'3). The extent   to  which 
the fine-grain material can deform withod failure is ahown on the 
photograph in figure 6 Fn which a reassembled specimen is caqgred  with 
its original form. The fac t  tha.t q specimen could  undergo a 50-percent 
reduction in area & elongate a8 shown in the photograph Buggeeta that 
the previously reported high-temperature p l a s t i c i ty  of molybdenum dis i l -  
icide  (references 1 a d  3) may be due, t o  a t  least some extent, t o  the 
high creep r a t e  of the material. 

Structural  Changes 

Metallographic eval-tion has revealed several aepects of damage t o  
molybdenum d i s i l i c ide  d e r  prolonged stress at high temperature. 
Possibly  the mst noticeable change Fn %he material cawed by the eval- 
uation  conditions was Fndicated by the di f f icu l ty  w f t h  which specimsne 
of  fa i led  material were polished. The untested ' m a t e r i a l  waa readily 
polished t o  a good surface, while a usable &ace 'on the failed SpeoFmene 
w a s  at tained only w i t h  the g rea t e s t   dmfcu l ty .  This deterioration is 
shown in the photomicrograph (f ige . 7 and 8) by a omparison of f Qure 7 (a), 
the  material   as prepared, w i t h  the structures follna after evalua- 
tion. . The presence of a greatly increased nmnber of voids is evident 
in all' the  failed specimens. The a n a l l  oircular voids are probably 
formed by the removal of' material during  prepmAion; it is t h i s  tearing 
out of material which is res-ponsible for the d i f f i cu l t i e s  encountered in 
polishing. The f ac t  that tearing out of material oocurs would indicate 
a deterioration In the bonding of the torn-out  particles. In the 8ec- 
tiom prpendicular t o  the fracture  plane (fig. 7(c), 8(b), and 8(c)), 
cracka tmns-verse t o  the direction of Ebpplfed stress are  quite  evident. 
This cracking is more marked @.the Specimens evaluated a t  the  higher 
temperatures. In plost-qases these cracks appem t o  be m e e d  by 
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EWBKRY OF RESULTS 
0 

A n  invest;i@;stion of the stress-ruflure. and creep properties of 
hot-pressed molybdenum d i s i l i c ide  has produced -the following result8 : 

1. The stresa-rqpture  properties can be mxgmarized as followe: 

'Temperature T I m  t o  Stress Creep rate 
. - .. 

OF ( W " W  rupture, ( W  ( P s i )  

1600 
.000028 224 20,000 1800 

0.000024 107 35,000 

.190a 
.0018 85, 10,000 2000 
.00073 I l O  12,000 

2. The ufiie of molybdenum d i s i l i c ide  above 18000 F may be limited by 
the  creep rate ether than by the stress-rupture life. 

3. The long-tlme. strength of molybdenum die l l ic lde  at high temper- 
atures is superior t o  that of the  high-temperature a l loys and titanium 
oarbide ceramals . 

4. A comparatively oonvenient and satitrfactory method for creep ami 
&twss-mrpture terrtina; t o  2000° F has been developed. 

Lewis Flight propulsion Laboratory 

Cleveland, Ohio 
National Advisory Ccamnittee for Aeronautics 

-- - 

" 
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25,000 
35, om 

10,000 

20,000 
15,000 

10, mod 

10,000 
12,000 
12,000 
15,W 

7,500 
10,000 
15,000 
7, 500d 

I- 

I 

~~ ~ 

plus 2,0008 o.ooool5 1. 2000 1 1.6 
107 .moo24 failureb 0 

1389 . 
. 7.8 

424 3.1 
224 . .000028 failure' 1.6 

plus 843O ,000096 312 7.8 

320 3.1 
103 . oO0078 38 7.8 
SLO .000073 42 7.8 

3.2 

""" "C" 

87 """ ""- 
152 """ ""_ 9.4 . 

85 .0018 - 18 9.4 
22.5 """ 7.1 
81.2 """ 

""- 50.3 
-"" 



ll 

tempr- 

2000 
2200 

Forged Cemeta 
allq A-12-b 

~~~~ - 

20,000 15,000 21,000 16,700 14,500 
12,000 4,500 U,300 9,OOO 5,300 16,300 
8,000 
4,000 33,500 

12.200 

13,500 
8,500 

I 

a''Kentanium" bonded titanilrm oarbide (reference 10). 
bReference U. 
OReference X. 
dComposition of cermet, 30 percent chro?nim, 70 percent alumFMb 

(reference 13). 
eCold-pressed,  sintered molybdenum (reference 14). 
fmta from figure 4. 

, 
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Figure  2. - High-tmperature stress-rupture machines. Bft, specimens in place and pre- 
loaded; right,  evaluation in progress, telescope in place for creep m e a s u r e m e n t .  
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.OW Tapered 
section 

Figure 3 .  - Specimen used for creep and stress- 
rupture tests of molybdenum diai l ic ide.  

L 
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' T i m e  to rupture, Jlr 

Figure 4. - Streae-rupture curvea far molybdenum d l s i l l o i d e .  
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Figure 6. - Shtered,  fine-grain molybdenum d i s i l i c i d e .  I, specimen before testing; 
11, specimen reassmfbled after 81 hours at  2oooo F and 7500 pounds per square inch. 
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(a) Hot-pressed material as prepares  liefore 
evaluation in' stress-rupture. 

-Direction of  stress 

(b) Specimn  evaluated at lfKIQo F and m,OOCJ ( c )  Spec.- idestLial with that of figure 
pounds per square inch after failure 7(b), but ehouing section perpendic- 
E t  1389 hours. Section parallel  t o  ular t o  fracture plane. 
f'racture plane. 

Figure 7. - Photomicrographs of molybdenum diaiucide; X l M ;  polarized light; unetched. . 
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(a) Section  parallel to failure p-e; XLOOO; 
polarized light; unetched. 

t 
-Direction of stress - D i r e c t i o n  of etrees 

(b) Section perpendicular t o  failure plane; (c) Section perpendicular to failure plane; 
XlOOO; polZc€iieZ light; unetched. X250; normal light; unetched. 

Figure 8. - Specimens of molybdenum dlsil lcide evaluated at 2O0O0 F and 7500 pounds per 
square inch. 

, ... 




